INTRODUCTION 1 2
Each pair was left to mate and lay for five days. Offspring emerging from these crosses were 1 counted and sexed on eclosion (± 12 hrs) each day until emergence was complete, and flies 2 held separately by sex (up to 10 flies per vial) for up to 10 days before being transplanted to 3 field cages. We then pooled offspring from the same maternal isofemale line, keeping the 4 sexes separate to ensure all flies were unmated prior to establishing cages. Flies transplanted 5 into cages therefore ranged in age from 3 -10 days, but mixing together flies from the same 6 maternal isofemale line meant that their distribution across cages and sites was random with 7 respect to age. We used this approach to avoid excluding lines with low fecundity from being 8 tested in the field. Transplanting 'maternal isofemale lines' (hereafter referred to as 'lines') 9 rather than generating mass bred lines for each site allowed us to maintain representation in our 1 0 experiment of as many maternal lines as possible, as well as (crucially) enabling partitioning of 1 1 among-line (genetic) variation in fitness under field conditions. The cages used for field assays of line fitness were 600 ml clear plastic bottles with two 135 1 5 mm x 95 mm windows cut out, covered with 2 mm fly wire mesh and 30-denier nylon stocking 1 6 material, which allowed movement of air through the cages. Each cage was encased in 20 mm 1 7 wire mesh to prevent attack by birds and mammals. This cage construction allowed the 1 8 survival and productivity of flies to be monitored, while exposing them to temperature and 1 9 humidity that were as close to naturally-varying conditions as possible. We dispensed 90 ml of 2 0 media (as described above) directly into the bottom of each cage. This volume of food was 9 2 1 times that used to rear offspring of the same number of flies at low density in the laboratory 2 2 (see methods of line maintenance above), to prevent food becoming a limiting resource during 2 3 this experiment, and to minimize density-dependent competition among larvae. Cages were 2 4 1 0 comparing the two measures revealed no significant difference between measures inside and 1 1 outside of cages for MDT or MDT max , although measurements of MDT min were, overall, lower 1 2 inside cages than outside at field sites ( Figure S3 ). It is likely that the positioning of cages 1 3 (hung from tree branches), compared with that of data loggers (attached to tree trunks) meant 1 4 that cages were slightly more exposed, resulting in lower minimum temperatures inside cages.
5
There was no significant difference between the two measures for the change in MDT, MDT min 1 6 or MDT max in relation to altitude along gradients ( Figure S3 ). The iButtons did not measure 1 7 relative humidity (RH), therefore it was not possible to compare RH inside and outside cages. While it is likely that RH in cages was increased relative to the outside air, mean daily RH was 1 9 high at all sites (RH > 74%, and usually RH >88%; Table S1 ), therefore we consider that RH 2 0 is unlikely to be a limiting factor for survival and reproduction of D. birchii. Lines were transplanted only to sites along their gradient of origin, not between gradients. At 2 3 each gradient, cage locations included the two high and two low altitude sites from which the 2 4 lines were collected, as well as sites at intermediate altitudes ( Figure S2 ). At Mt Edith, 15 lines Estimates of fitness of flies in cages 1 6
We monitored each cage daily for five days after establishment and recorded the number of 1 7 surviving adult flies each day. On the fifth day, we removed all surviving flies to ensure they 1 8
were not included in offspring counts used to measure productivity (see below). We then left 1 0 1 1 1 2
Analysis of fitness variation in field cages 1 3
We fitted generalised linear mixed models (GLMMs) analysing variation in fitness 1 4 (productivity) in cages along each gradient to: (1) test for local adaptation, and (2) estimate 1 5 genetic variation in fitness, and in the effect of movement along a gradient on fitness ('reaction 1 6 norms' in fitness of lines), in order to estimate the potential for adaptive responses to To test for local adaptation, we used the 'sympatric-allopatric' (SA) contrast proposed by 2 0 Blanquart et al. (2013) . This method compares the fitness of sympatric populations 2 1 (populations transplanted back to their site of origin) with that of allopatric populations 2 2 (populations transplanted to a different site from their site of origin), while controlling for 2 3 variation due to habitat (i.e., environmental variation among transplant sites) and source 1 6 population (i.e., due to genetic differences in fitness among source populations) (Blanquart et 1 al., 2013) . This comparison has greater power to detect local adaptation than other more 2 restrictive definitions of local adaptation (e.g., the 'home vs away' and 'local vs foreign' 3 comparisons described by Kawecki and Ebert (2004) ) (Blanquart et al., 2013) . Power to detect 4 local adaptation using this method increases as a function of the number of sympatric-allopatric 5 comparisons, which for a given number of transplants is maximised by transplanting all source 6 populations back into the source sites. We additionally tested for variation in fitness reaction 7 norms along gradients, which required transplanting lines to a larger number of sites (including 8 sites that had not been used as source populations). Nevertheless, by ensuring that D. birchii 9 from all lines within a gradient were transplanted to gradient ends (where flies were sourced), 1 0 we still had high power to detect local adaptation within the constraints imposed by these dual 1 1 aims of our experiment. (2) 'source population', a categorical variable with four levels corresponding to the populations 1 7 from which D. birchii were sourced within a gradient, and (3) a 'local adaptation' term 1 8 indicating whether a cage was 'sympatric' or 'allopatric', as defined above. Evidence for local 1 9 adaptation is indicated by significantly higher fitness of sympatric cages than allopatric cages, 2 0 after controlling for habitat and population effects. We included random intercept and slope terms for the effect of line (nested within source 2 3 population) to estimate: (i) genetic variation in fitness (averaged across the whole gradient), 2 4 and (ii) variation among lines in fitness responses to environmental change ("fitness reaction 2 5 norms"), respectively. Random slope terms tested for variation in the fitness responses of lines 1 with respect to the same environmental variables as were included as fixed effects in the model 2 (i.e. a subset of PC1, PC2, (PC1) 2 , and (PC2) 2 ; see above and results). Productivity data were over-dispersed relative to the Poisson distribution generally used for 5 modelling count data, and had an excess of zeroes due to over-representation of cages from 6 which no offspring emerged. We therefore modelled productivity as a negative binomial 7 distribution (Lindén & Mãntyniemi, 2011), specifying zero-inflation, and used a log link 8 function. GLMMs were fitted using the R package glmmADMB 0.8.0 (Fournier et al., 2012 , 9 Skaug et al., 2013 . Separate models were fitted for each gradient. We assessed variation among lines and source populations from Paluma and Mt Edith in their 1 3 productivity in the laboratory for comparison with genetic variation estimated from field cages.
4
Productivity was measured as the number of offspring emerging from crosses established to 1 5 generate flies for the caged transplant experiment (see above), therefore it included the same set 1 6 of lines as in analyses of fitness variation in field cages. We again fitted GLMMs using 1 7 glmmADMB, with the same distribution as in analyses of fitness variation in cages (see above).
8
We included source population as a fixed predictor, and maternal isofemale line (nested within 1 9 source population) as a random factor. To assess whether lines with high productivity under 2 0 laboratory conditions also performed well in the field, we compared the rank order of lines for 2 1 productivity in the laboratory and in the field using a Spearman's rank correlation test, were fitted for each gradient in both sets of analyses. We fitted linear models to test how well fitness in cages predicted local abundance of D. birchii 3 at the gradients where caged transplants were undertaken (Paluma and Mt Edith). We used 4 mean productivity in field cages as a measure of fitness at each site. Fitness and abundance data 5 were both standardised to a mean of 0 and standard deviation of 1 so that they were on the 6 same scale. We fitted linear models with the lm function in R v3.1.2 (R Core Team, 2014), 7 using standardised productivity as the predictor variable, and standardised abundance of D. 8 birchii as the response variable. Separate models were fitted for each gradient. 1C). However, the strength and shape of the relationship between PC1 and abundance varied 1 8 substantially between gradients (Table 1; Figure 1C ). Abundance of D. birchii increased with 1 9 PC1 at Mt Edith (indicating increased abundance at higher temperatures/lower altitudes), and 2 0 decreased with PC1 at Paluma (Table 1; Figure 1C ). At Mt Edith and Kirrama, model fit was improved by the addition of a quadratic term for PC1 ( Table 1) . Given that the four gradients 2 2 span different altitude and temperature ranges (Table S1), these different patterns reflect, in 2 3 part, variation in the range of values of PC1 present within each gradient ( Figure 1B ).
4
However, differences are still evident when gradients are compared over equivalent values of 2 5 PC1 ( Figure 1C ). PC2 did not improve the fit of the model of D. birchii abundance overall 1 (Table 1) , or of models of D. birchii abundance within each gradient. There was no evidence for local adaptation within gradients; 'sympatric' cages did not 5 outperform 'allopatric' cages after controlling for habitat and population effects at either 6 gradient (Table 2; Figure 2 ). At Mt Edith, the SA contrast was only marginally non-significant 7 (P=0.052; Table 2 ), but fitness of allopatric cages exceeded that of sympatric cages ( Figure 2 ), 8 which is opposite to expectations if the difference is due to local adaptation. At Paluma, there 9 was no significant difference between the fitness of sympatric and allopatric cages, and the 1 0
trend was also opposite to that predicted with local adaptation (P=0.774; Table 2 ; Figure 2 ).
1 1 1 2
There were highly significant effects of environmental variation on fitness in cages. Along both 1 3
altitudinal gradients there was a significant, non-linear increase in cage productivity with 1 4 increasing PC1 (increasing temperature) ( Figure 3 ). Source population effects approached 1 5 significance at Mt Edith (P =0.068; Table 2 ), which was attributable to low fitness of flies from 1 6 one of the source populations ( Figure S5 ), and was non-significant at Paluma (P=0.302; Table   1  7 2; Figure S5 ). Figure 1B) , which is strongly, 5 positively associated with temperature. Fitted curves are from linear models of productivity on PC1 for each gradient (see Table 2 ). Error bars 6 indicate standard errors based on isofemale lines at each site. Note that the Paluma gradient encompasses a much wider range of values of PC1 7 than Mt Edith. Points have been offset slightly along the x-axis at Mt Edith to reduce overlap. from regressions of standardised mean D. birchii abundance on standardised mean productivity (see Table S4 ). provides a comprehensive test of these assumptions, along ecological gradients that 1 1 characterise distributional limits of this species at different spatial scales. Our field surveys revealed that local abundance of D. birchii is strongly predicted by 1 8 environmental variation at three of the four altitudinal gradients studied, which each exhibits 1 9
variation in mean temperature characteristic of hundreds of kilometres of latitudinal distance 2 0 (Table S1 ). Overall, there was a decline in the abundance of D. birchii towards warm, low 2 1 altitude sites (Figure 1 ), which suggests that the rising temperatures forecast as a result of 2 2 climate change will reduce the area of suitable habitat for this species. However, the 2 3
relationship between environment and local D. birchii abundance differed between gradients 2 4 (Table 1 ), suggesting local variation in the response of this species to environmental change, at 2 5 least across the period measured here. Predictions of D. birchii abundance based on its 2 6 1 factors. Further work is underway to identify important biotic interactions. However, we note 2 that PC2, which is largely driven by the abundance of non-birchii serrata-complex species 3 ( Figure 1B) , did not predict D. birchii abundance at any gradient (Table 1 ), suggesting that 4 competition with these closely related species is not the key factor limiting the distribution of 5 this species. and therefore the persistence of species and local communities in response to ongoing climate 2 0 change. may also explain why we did not detect either genetic variation in fitness reaction norms or we note that fitness along the gradient was only measured on one occasion, whereas selection 2 5
pressures can change across years ((Kingsolver et al., 2001) ) and should ideally be 1 characterised repeatedly. Pemberton, 2010). We also found significant genetic variation in productivity among D.
1 3 birchii populations in the laboratory, but not in the field. Importantly, the mean productivity of 1 4 D. birchii in field cages was substantially lower than productivity in the laboratory, confirming varying conditions when inferring adaptive potential in wild populations. Furthermore, the 2 0 timing and location of such studies should encompass conditions that are a priori thought to be 2 1 most limiting for the focal species, to ensure that key drivers of selection are included. and can therefore offer insights on how to improve methods for predicting biological responses limiting species' distributions is likely to vary across abiotic gradients, which reiterates the 2 4
importance of sampling at appropriate geographic scales. Furthermore, given that key biotic these assessments can be undertaken using model organisms such as Drosophila. source populations at either gradient (see Table 2 ). 
